The cleavage patterns of 23 rare-cutting restriction endonucleases (rcREs) on high molecular weight DNA, isolated from leaves of Arabidopsis thaliana (Arabidopsis), have been analysed using pulsed field gel electrophoresis (PFGE). The DNA digested with rcREs can be used for restriction fragment length polymorphism (RFLP) analysis. We show that RFLPs are more readily identified in restriction fragments that require resolution by PFGE than in smaller restriction fragments. Taking advantage of the low dispersed repetitive DNA content of the Arabidopsis genome, whole yeast artificial chromosomes (YACs) were used as probes to PFGE resolved genomic DNA. This enabled whole YAC clones to be used as RFLP markers and long range restriction maps to be constructed. These techniques should enhance the analysis of regions of the genome of Arabidopsis (and other organisms with low levels of dispersed repetitive DNA) that are the subject of chromosome walking strategies to isolate particular loci.
INTRODUCTION
Arabidopsis thaliana (Arabidopsis) is a small flowering plant.
It is easily grown, has a rapid life cycle, gives prolific seed set, can be either self or cross pollinated, is diploid and possesses a relatively small genome that has low levels of dispersed repetitive DNA (1, 2) . Many phenotypic mutations have been mapped and there are two published restriction fragment length polymorphism (RFLP) maps (3, 4, 5) . Arabidopsis is also readily transformed via Agrobacterium (6) . It has become an important model organism and is the subject of intense molecular genetic investigation.
Many chromosome walking experiments are in progress and a framework for the commencement of these walks is provided by the RFLP maps. The first two RFLP maps reported 184 markers. If the Arabidopsis genome is 100 Mbp, this would represent an average spacing of 543 kbp. To complete a chromosome walk of this length would require many cosmid clones, which have maximum insert sizes of under 50 kbp. Instead, clones propagated in yeast as artificial chromosomes (YACs, 7) , which can carry inserts of over lOOOkbp (8) can be used. Libraries of YAC clones of Arabidopsis DNA of average insert sizes of between 150 and 250 kbp have been constructed (9, 10, 11) . These are being used to conduct chromosome walks towards specific loci (summarized in 12).
The development of pulsed field gel electrophoresis (PFGE) systems has led to the ability to resolve molecules of several million base pairs (Mbp) in length. This facilitates the analysis of both simple (e.g. 13, 14) and complex genomes (e.g. 15) . The use of PFGE to aid in mapping and chromosome walking in Arabidopsis has been somewhat limited to date. We report here the development of methods to utilize large DNA technology to aid in RFLP analysis to maxiniize the efficiency of localization of recombination points relative to chromosome walks. In addition, we report the use of whole YACs as probes to PFGE Southern blots to construct long range restriction maps. These techniques allow the precise delineation of cloned regions that must subsequently be screened for complementation of the corresponding mutant phenotype. Macerozyme (Yakult Honsha Co. Ltd.) in MS medium (17) supplemented to 0.4M sucrose. They were then incubated at 20°C, in the dark, overnight.
METHODS AND MATERIALS
The digested plant material and solution from all the petridishes were pooled in a conical flask and swirled to release the protoplasts. They were then filtered through 100pm nylon mesh into 50ml conical centrifuge tubes. The suspension was centrifuged at 200 rpm in a swing-out rotor of a benchtop centrifuge, at room temperature, for 5 mins. The floating, dark green protoplast layer was gently removed using a Pasteur pipette. The protoplasts from up to 4 tubes were pooled in a fresh 50mi tube, which was then filled with a solution of 16% sucrose in 1/10 x CPW salts (CPW-16, 18) and centrifuged as before. The floating protoplasts were again recovered and pooled in 15ml centrifuge tubes. At least 5 volumes of salt solution W5 (19) was added to each tube and gently mixed. The protoplasts were finally pelleted by centrifugation at 600 rpm for 5 mins.
The protoplasts were gently resuspended in an equal volume of 1 % InCert agarose (FMC) made up in CPW-16 and cooled to 50°C, then dispensed into 100dtl moulds (LKB). The protoplasts were not diluted prior to addition of the agarose solution in order to maximize the final DNA concentration. After allowing to set on ice for 10 mins, the blocks were pressed out of the moulds into at least 5 volumes of CPW-16 containing 5mM aurintricarboxylic acid (ATA) in 15ml centrifuge tubes and held on ice, with occasional mixing, for 1 hour. The use of ATA reduces nucleolytic degradation of DNA prepared for PFGE (14) . The buffer was then exchanged for a solution of 0.Smgm-l proteinase K (Boehringer) in 100 mrM EDTA, pH8, 1 % sarkosyl and 2mM ATA (14) Gel purification of YACs for probes YAC chromosome preparations were performed by lysis and proteinase K treatment of yeast protoplasts embedded in agarose blocks. The smaller chromosomes of yeast strain AB1380, including the YACs, were resolved by POE, using 12 sec pulses and a run time of 44 hours. The gels were then stained using ethidium bromide and chromosome bands were visualized under long wave U/V illumination. The YAC bands were excised and washed in H20 for 30 mins. They were then transferred to microcentrifuge tubes, weighed and melted at 65°C. After cooling to 37°C, an equal volume of pre-warmed 2 x restriction buffer (400fLgml-l BSA, 40mM Tris pH7.5, 14mM MgCl and 200mM KCl), containing 50 Uml-' HindIll and 100 Umlagarase (Calbiochem) was added and incubation continued at 37°C overnight. Yeast RNA carrier was added to 100lgmh-t and sodium acetate was added to 0.3 M. The solution was then extracted with phenol, phenol/chloroform and chloroform before precipitation with 2.5 volumes of ethanol.
Other methods Yeast chromosomes were prepared from spheroplasts of yeast cells that had been treated with Novozyme 234 (Novolabs), embedded in agarose blocks and treated with proteinase K as for Arabidopsis DNA preparations. Oligomers of bacteriophage lambda DNA were prepared from commercial DNA preparations (14) . RFLP probes of DNA flanking integrated T-DNA and the ends of inserts in YACs were amplified by inverse PCR (22) . DNA used as probes was labelled with 32P by random primer extension (using Random Primers DNA Labelling System, BRL).
Southern transfer and hybridization procedures employed Hybond N nylon membranes (Amersham) and procedures recommended by the manufacturers. and 9D2 were from library EG and 4A9 was from library ABI (9) . YACs 10D7 and 10H12 were from library EW (10) . YACs 3F7 and 13C7 were from library YUP (11) .
RESULTS
Arabidopsis DNA preparation Our first requirement was the preparation of DNA from Arabidopsis that was suitable for PFGE. In order to prepare DNA of average size greater than 2 Mbp, it was necessary to prepare it from protoplasts embedded in agarose. We chose to derive our protoplasts from vegetative tissue, rather than using callus cultures, as had been used previously (23) Figure 3 . The YAC DNA hybridizes to a small number of DNA fragments, enabling each one to be surveyed for polymorphisms. In the example shown, the genomic DNA carried in the YAC clone is highly polymorphic between the 3 ecotypes tested. The success of this technique means that large regions (> 100 kb) of Arabidopsis DNA can be searched for polymorphisms with single probes. The use of whole YACs as RFLP probes is only feasible because of the low dispersed repetitive DNA content of Arabidopsis. Any repetitive DNA present in the YAC, would result in hybridization to many restriction fragments and obscure the hybridization due to the single copy sequences present in that YAC. To assess how generally applicable this method will be, 10 other YACs were used as probes to DNA of one ecotype of Arabidopsis. The results are shown in Figure 4 . Although 3 YACs hybridize to multi-copy sequences that obscure the single copy hybridizations, 7 YACs gave simple hybridization patterns. This indicates that the majority of YACs containing Arabidopsis DNA can be used as RFLP probes to PFGE gels, without the necessity of using competitive DNA hybridization protocols.
Upon prolonged exposure, several other bands can be seen on the autoradiographs. We interpret these as hybridization to DNA elsewhere in the genome that contains relatively short stretches of sequence homology to the YAC probes. In the case of hybridization with YACs 15C10, IB10 and 4A9, the intensely hybridizing bands correspond in size to some of the restriction fragments of chloroplast DNA. It is therefore likely that the inserts of these YAC clones are chimeric between chloroplast and nuclear DNA. Also shown in Figure 4 is the result of hybridization of gel purified degraded yeast DNA to plant DNA. The degraded yeast DNA is in the size range 100 to 200 kb, which will be the size range normally contaminating gel-purified YAC DNA preparations. Knowledge of the pattern of restriction fragments hybridizing to the yeast DNA allows these fragments to be subtracted from those hybridizing to the plant DNA in the YAC clone. In Figure 4 (25) . Four YAC clones generated from the chromosome walk to the FCA locus were used as probes to Southern blots of SnaI digested DNA separated by PFGE. An example of the hybridization patterns of 2 YACs that are known to overlap each other is shown in Figure 5 . Two sets of hybridizing bands are visible, some of which are common to both YACs. In addition, the left end probes of YACs 22C1 and 10D7 were used to probe the same digests (data not shown). These data, when combined with stoichiometric considerations, allow the construction of restriction maps (shown in Figure 6 ) of the genome for wild-type and each allele, for the region covered by the YACs.
The restriction maps illustrated in Figure 7 encompass a region of approximately 400 kb. The maps of thefca mutant alleles all differ from wild-type in that they each contain one extra SmaI restriction site. In two cases, alleles fca-5 and fca4, the extra site is in the same place. There are two possible explanations for the differences. One is that the plant population in which the mutations were induced may have shown some RFLPs, despite being nominally the same ecotype, Landsberg erecta. The more likely alternative is that the differences are the result of the mutagenesis process (X-ray irradiation for fca-4, fast neutron irradiation for fca-2 and EMS treatment for fca -5 We have demonstrated that high molecular weight DNA of Arabidopsis can be used, in conjunction with rcREs, for RFLP analysis. We have shown there to be a substantially (at least 2-fold) greater probability of finding a polymorphism in large restriction fragments (>50 kb) than in small ones (ca. 4 
kb).
Many of these are relatively small changes in the sizes of the fragments. This indicates that insertion/deletion events probably account for the majority of differences between ecotypes, rather than sequence changes resulting in gain/loss of recognition sequences for the REs. Although PFGE resolved RFLP analysis could be used to analyse whole segregating populations of plants, the increase in the amount of time required to perform all the DNA preparations probably would not justify the greater proportion of probes for which polymorphisms would be detected using a given set of REs. Rather, the main value of PFGE resolved RFLP analysis would be over small regions of the genome where relatively small numbers of recombinant plants have already been identified by conventional RFLP analysis. It would allow the rapid evaluation of new RFLP probes in that region as polymorphisms should be detected for almost all probes, using only a small range of REs. This is the situation that will be encountered in the later stages of chromosome walks to genes, many of which are currently being conducted in Arabidopsis and Figure 6 . Long range restriction map generated by hybridization of overlapping YACs, as shown in Figure 6 , plus hybridization by YAC 22C1 left end probe.
other organisms. The use of small probes and PFGE-resolved RFLP analysis should be applicable to many organisms being studied. The use of whole YACs as polymorphism probes or for long range mapping is particularly valuable for the analysis of the DNA of Arabidopsis, but should be applicable to any genome with similarly low levels of dispersed repetitive DNA.
